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1
METHODS FOR MONITORING
METHOTREXATE THERAPY

CROSS REFERENCE

This application claims priority to U.S. Provisional Patent
Application Ser. No. 61/382,148 filed Sep. 13, 2010, incor-
porated by reference herein in its entirety.

BACKGROUND

Methotrexate (MTX) forms the cornerstone treatment of
various autoimmune disorders including rheumatoid arthritis
(RA), a debilitating disease affecting approximately 1% of
the population. The cessation of purine, pyrimidine and pro-
tein synthesis following MTX is believed to produce anti-
inflammatory effects through an activation of this prodrug
into methotrexate polyglutamates (Dervieux et al., 2004).
More precisely, these polyglutamated metabolites are
retained intracellularly and inhibit de novo purine biosynthe-
sis (i.e. AICAR transformylase) to release adenosine, a potent
anti-inflammatory agent (Cronstein, 2005). Data indicate that
the selective addition of glutamic residues onto MTX signifi-
cantly potentiate the efficacy of this prodrug in vitro (Allegra
et al., 1985) with the pentaglutamylated form of MTX being
2500-hundred fold more potent than MTX itself against
AICAR transformylase (Allegra et al., 1987). Moreover, the
notion that MTX’s effects are produced by long chain MTX-
PGs versus short chains MTXPGs is supported by the obser-
vation that the number of glutamic residues on MTX is asso-
ciated with the clinical effects of this prodrug in rheumatoid
arthritis (Dervieux T et al., 2009b). Several clinical applica-
tions have been derived from the observations that MTXPGs
are associated with the anti-inflammatory effects of MTX
(Angelis-Stoforidis et al., 1999; Dervieux et al., 2004; Der-
vieux et al., 2005; Hornung et al., 2008), and the drug moni-
toring of low dose MTX therapy using the surrogate red blood
cells can be helpful to assess exposure, compliance, and thus
establish whether an appropriate dose of MTX is being
administered to any given patients. (Dervieux T etal., 2009a).
In particular, it is well recognized that approximately 5-10%
of individuals do not metabolize MTX eftectively, with vir-
tually the totality of the drug excreted unchanged in the urine
within the first few hours following the once weekly admin-
istration of the drug (Chladek et al., 1998).

However, under its current format there are several draw-
backs with the usage of RBC MTXPGs in clinical practice.
First, steady state concentrations of long chain MTXPGs in
erythrocytes are only achieved after several months of
therapy (Dalrymple et al., 2008) and while useful to address
potential pharmacokinetics issues (e.g. rapid excretion phe-
notype described above), MTXPGs are not ideal pharmaco-
dynamic markers indicating whether control of disease activ-
ity is achieved in any given patients. RBC MTXPGs have also
poor predictive value before 3-4 months therapy which limit
their utility, particularly given that significant clinical benefit
from MTX in RA is usually observed in the first 6 weeks of
therapy, at a time where very polyglutamation is detectable in
erythrocytes (Kremer and Lee, 1986).

It follows that novel markers of MTX effects and exposure
complementing MTXPGs measurements in the surrogate
erythrocyte or target lymphocyte could be extremely useful to
improve the performances of the drug monitoring assay of
MTX therapy in patients suffering from cancer, inflammatory
disease, and autoimmune disorders. Such method would be
particularly useful early in the course of MTX treatment (1-4
weeks therapy) and provide a valuable tool to identify
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patients presenting defective MTX metabolism such as those
with the rapid excretory phenotype (and hence no formation
of MTXPGs). Currently, no method is available to directly or
indirectly quantify MTXPGs early in course of MTX therapy
(i.e, one week), or after a single dose of MTX, owing to the
low concentrations of these metabolites in targets cells and
the inherent sensitivity challenges associated with their
detection.

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides methods for
assessing efficacy of an anti-folate dosing regimen in a
patient, comprising

(a) determining a post-treatment amount of dihydrofolate
reductase (DHFR) in a biological sample from the patient
after initiation or modification of anti-folate treatment in the
patient;

(b) comparing the amount of DHFR to a patient pre-treat-
ment or pre-modification DHFR standard to determine a level
of DHFR induction; and

(c) assessing efficacy of the anti-folate dosing regimen in
the patient based on the level of DHFR induction.

In a second aspect, the present invention provides methods
for assessing efficacy of an anti-folate dosing regimen in a
patient, comprising

(a) determining an intracellular amount of

(1) S5-methyltetrahydrofolate (SCH3THF) polyglutamates

(PGs); and

(i1) non-methylated folate PGs

in a biological sample from the patient before or after
initiation of anti-folate treatment or modification of anti-
folate treatment in the patient; and

(b) assessing efficacy of the anti-folate dosing regimen in
the patient based on the amount of SCH3THF PGs and/or the
amount of non-methylated folate PGs.

In a third aspect, the present invention provides non-tran-
sitory computer readable storage media, for automatically
carrying out the methods of the invention, or certain steps
thereof (ex: determining, comparing, and/or assessing steps),
on a detection device

DESCRIPTION OF THE FIGURES

FIG. 1 (A-C) provide an exemplary flowchart of the meth-
ods of the invention, and exemplary graphs showing DHFR
induction levels after methotrexate administration.

FIG. 2 shows of folate metabolism, including non-methy-
lated and methylated folates.

FIG. 3 shows an exemplary change in whole blood methy-
lated and non-methylated folate concentrations in an RA
patient undergoing MTX therapy.

DETAILED DESCRIPTION OF THE INVENTION

All references cited are herein incorporated by reference in
their entirety. Within this application, unless otherwise stated,
the techniques utilized may be found in any of several well-
known references such as: Molecular Cloning: A Laboratory
Manual (Sambrook, et al., 1989, Cold Spring Harbor Labo-
ratory Press), Gene Expression Technology (Methods in
Enzymology, Vol. 185, edited by D. Goeddel, 1991. Aca-
demic Press, San Diego, Calit.), “Guide to Protein Purifica-
tion” in Methods in Enzymology (M. P. Deutshcer, ed., (1990)
Academic Press, Inc.); PCR Protocols: A Guide to Methods
and Applications (Innis, et al. 1990. Academic Press, San
Diego, Calif.), Culture of Animal Cells: A Manual of Basic
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Technique, 2"?Ed. (R.1. Freshney. 1987. Liss, Inc. New York,
N.Y.), Gene Transfer and Expression Protocols, pp. 109-128,
ed. E. J. Murray, The Humana Press Inc., Clifton, N.J.), and
the Ambion 1998 Catalog (Ambion, Austin, Tex.).

As used herein, the singular forms “a”, “an” and “the”
include plural referents unless the context clearly dictates
otherwise. “And” as used herein is interchangeably used with
“or” unless expressly stated otherwise.

All embodiments of any aspect of the invention can be used
in combination, unless the context clearly dictates otherwise.

In a first aspect, the present invention provides methods for
assessing efficacy of a anti-folate dosing regimen in a patient,
comprising:

(a) determining a post-treatment amount of dihydrofolate
reductase (DHFR) in a biological sample from the patient
after initiation or modification of anti-folate treatment in the
patient;

(b) comparing the amount of DHFR to a patient pre-treat-
ment or pre-modification DHFR standard to determine a level
of DHFR induction; and

(c) assessing efficacy of the anti-folate dosing regimen in
the patient based on the level of DHFR induction.

Any suitable anti-folate may be used in the methods of the
invention, including but not limited to methotrexate (MTX),
trimethoprim, pyrimethamine, pemetrexed, aminopterin,
raltitrexed, and CH1054. In a preferred embodiment, the anti-
folate is methotrexate (MTX). It will be understood that,
while further embodiments focus on methotrexate as the anti-
folate, that any other anti-folate may be substituted for meth-
otrexate in discussions of these embodiments, unless the con-
text clearly dictates otherwise.

In one preferred embodiment, the methods of this aspect of
the invention provide novel markers of MTX effects and
exposure at early time points, as early as 6 days after MTX
treatment and after administration of a single MTX dose. As
such, the methods of the invention are valuable for improving
the performances of MTX therapy monitoring assays in
patients suffering from cancer, inflammatory disease, and
autoimmune disorders. Currently, no method is available to
directly or indirectly quantify MTXPGs early in course of
MTX therapy (i.e, one week), or after a single dose of MTX,
owing to the low concentrations of these MTXPGs in targets
cells and the inherent sensitivity challenges associated with
their detection. The present invention addresses these limita-
tions.

While not being bound by any mechanism of action, the
methods involve indirectly measuring MTXPG levels, and
thus increased efficacy, by detecting DHFR levels, as DHFR
protein levels rapidly increase upon exposure to MTX. This is
an unexpected finding, given the knowledge in the art that
MTX in an inhibitor of DHFR and that an increase in DHFR
activity (amplification) is associated with MTX resistance.

Methotrexate (MTX) is well known in the art as an inhibi-
tor of purine and thymidine synthesis and amino acid inter-
conversion. MTX also exhibits anti-proliferative activity
through inhibition of thymidylate synthesis, which is
required to synthesize DNA. MTX, its synthesis, and its prop-
erties are described in further detail in U.S. Pat. Nos. 2,512,
572;3,892,801;3,989,703; 4,057,548; 4,067,867, 4,079,056,
4,080,325; 4,136,101; 4,224,446; 4,306,064; 4,374,987,
4,421,913; and 4,767,859. Methods for using MTX to treat
cancer are described, for example, in U.S. Pat. Nos. 4,106,
488; 4,558,690, and 4,662,359. MTX is known to be useful in
the treatment of a variety of inflammatory diseases, autoim-
mune diseases, and cancers.

The methods of the invention can be used in combination
with MTX administered at any dose determined suitable for a
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given patient by an attending physician. In one embodiment,
the methods are used in conjunction with low dose MTX
therapy. As used herein, the term “low dose MTX therapy”
refers to administration of MTX to a subject at a dose that is
less than about 40 mg/m? of body surface per week. Typically,
low dose MTX therapy is administered orally at a dose in the
range of from about 2.5 mg/m?® to about 40 mg/m* of body
surface per week, for example, from about 2.5 mg/m? to about
25 mg/m* of body surface per week, depending upon the
condition being treated. In another embodiment, the methods
are used in conjunction with high dose MTX therapy. The
term “high dose MTX therapy” as used herein refers to
administration of MTX to a subject at a dose that is at least
about 100 mg/m? of body surface per day, for example, at
least about 100, 250, 500, 750, 1000, 1500, 3000, or 5000
mg/m? of body surface per day. One skilled in the art under-
stands that a high dose MTX therapy is frequently used as an
anti-cancer therapeutic and can be administered at doses up to
about 5 g/m* of body surface per day or higher depending
upon the condition or disease being treated. One skilled in the
art recognizes that the doses of MTX typically used in high
dose MTX therapy can be administered, for example, intra-
venously or orally and that such high dose MTX therapy
generally requires a period of recovery, which can include
leucovorin rescue or another form of folate replacement. In
another embodiment, the methods are used in conjunction
with intermediate dose MTX therapy. The term “intermediate
dose MTX therapy” refers to administration of MTX to a
subject at a dose that is typically between a low dose and a
high dose of MTX, for example, between about 100 mg/m? of
body surface per week to about 250 mg/m?* of body surface
per day.

It will be understood that the dosage ranges of MTX set
forth above in the definitions of low, intermediate, and high
dose MTX therapy are generalized with respect to treatment
of'a variety of diseases and that the range of MTX dose that is
administered for one disease can differ from the range admin-
istered for another. Accordingly, a dose of at least about 40
mg/m> of body surface per day, although generally consid-
ered high dose MTX therapy, may be considered by those
skilled in the art of cancer therapy as a relatively low dose for
treating cancer. Similarly, a dose of about 30 mg/m? of body
surface per week, although generally considered as low dose
MTX therapy, may be considered by those skilled in the art of
rheumatology as a relatively high dose for treating rheuma-
toid arthritis.

The patient can be any suitable patient, preferably a human
patient, in need of MTX therapy. In one preferred embodi-
ment, the patient suffers from an inflammatory disease or
cancer. The term “inflammatory disease” refers to a disease or
disorder characterized or caused by inflammation. “Inflam-
mation” refers to a local response to cellular injury that is
marked by capillary dilatation, leukocytic infiltration, red-
ness, heat, and pain that serves as a mechanism initiating the
elimination of noxious agents and of damaged tissue. The site
of inflammation includes the lungs, the pleura, a tendon, a
lymph node or gland, the uvula, the vagina, the brain, the
spinal cord, nasal and pharyngeal mucous membranes, a
muscle, the skin, bone or bony tissue, a joint, the urinary
bladder, the retina, the cervix of the uterus, the canthus, the
intestinal tract, the vertebrae, the rectum, the anus, a bursa, a
follicle, and the like. Such inflammatory diseases include, but
are not limited to, inflammatory bowel disease, rheumatoid
diseases (e.g., theumatoid arthritis), other arthritic diseases
(e.g., acute arthritis, acute gouty arthritis, bacterial arthritis,
chronic inflammatory arthritis, degenerative arthritis (os-
teoarthritis), infectious arthritis, juvenile arthritis, mycotic
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arthritis, neuropathic arthritis, polyarthritis, proliferative
arthritis, psoriatic arthritis, venereal arthritis, viral arthritis),
fibrositis, pelvic inflammatory disease, acne, psoriasis, acti-
nomycosis, dysentery, biliary cirrhosis, Lyme disease, heat
rash, Stevens-Johnson syndrome, mumps, pemphigus vul-
garis, and blastomycosis. Inflammatory bowel diseases are
chronic inflammatory diseases of the gastrointestinal tract
which include, without limitation, Crohn’s disease, ulcerative
colitis, and indeterminate colitis. Rheumatoid arthritis is a
chronic inflammatory disease primarily of the joints, usually
polyarticular, marked by inflammatory changes in the syn-
ovial membranes and articular structures and by muscle atro-
phy and rarefaction of the bones.

The term “cancer” refers to any of various malignant neo-
plasms characterized by the proliferation of anaplastic cells
that tend to invade surrounding tissue and metastasize to new
body sites. Examples of different types of cancer include, but
are not limited to, lung cancer, breast cancer, bladder cancer,
thyroid cancer, liver cancer, pleural cancer, pancreatic cancer,
ovarian cancer, cervical cancer, testicular cancer, colon can-
cer, anal cancer, bile duct cancer, gastrointestinal carcinoid
tumors, esophageal cancer, gall bladder cancer, rectal cancer,
appendix cancer, small intestine cancer, stomach (gastric)
cancer, renal cancer, cancer of the central nervous system,
skin cancer, choriocarcinomas; head and neck cancers, blood
cancers, osteogenic sarcomas, B-cell lymphoma, non-
Hodgkin’s lymphoma, Burkitt’s lymphoma, fibrosarcoma,
neuroblastoma, glioma, melanoma, monocytic leukemia,
myelogenous leukemia, acute lymphocytic leukemia, and
acute myelocytic leukemia.

In another preferred embodiment, the patient suffers from
an autoimmune disorder. The term “autoimmune disease”
refers to a disease or disorder resulting from an immune
response against a self-tissue or tissue component and
includes a self-antibody response or cell-mediated response.
The term autoimmune disease, as used herein, encompasses
organ-specific autoimmune diseases, in which an autoim-
mune response is directed against a single tissue, such as Type
1 diabetes mellitus, myasthenia gravis, vitiligo, Graves’ dis-
ease, Hashimoto’s disease, Addison’s disease, autoimmune
gastritis, and autoimmune hepatitis. The term autoimmune
disease also encompasses non-organ specific autoimmune
diseases, in which an autoimmune response is directed
against a component present in several or many organs
throughout the body. Such autoimmune diseases include, for
example, systemic lupus erythematosus, progressive sys-
temic sclerosis and variants, polymyositis, and dermatomyo-
sitis. Additional autoimmune diseases include, but are not
limited to, pernicious anemia, primary biliary cirrhosis,
autoimmune thrombocytopenia, Sjogren’s syndrome, and
multiple sclerosis. In a preferred embodiment, the autoim-
mune disorder is selected from the group consisting of rheu-
matoid arthritis, Crohn’s disease, ulcerative colitis, and sys-
temic lupus erythematosus.

The MTX therapy may involve comprise any suitable route
of MTX administration, including oral administration,
administration as a suppository, topical contact, parenteral
(ex: intravenous, intramuscular, intra-arteriole, intradermal,
subcutaneous, intraperitoneal, intraventricular, and intracra-
nial, etc.), intranasal or subcutaneous administration, the
implantation of a slow-release device, e.g., a mini-osmotic
pump, to the patient, transmucosal (e.g., buccal, sublingual,
palatal, gingival, nasal, vaginal, rectal, or transdermal), the
use of liposomal formulations, intravenous infusion, trans-
dermal patches, etc.

The amino acid sequence of human DHFR is shown below.
As will be appreciated by those of skill in the art, individual
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patients may have slightly modified DHFR protein
sequences, and thus the methods of the invention are not
limited to determining the level of DHFR as defined by the
specific amino acid sequence of SEQ ID NO:1.

Any suitable technique can be used for determining the
amount of DHFR in the biological sample, including but not
limited to enzyme linked immunoabsorbant assays (ELISA),
mass spectrometry, dipstick assays, flow cytometry, absorp-
tion spectroscopy, fluorescence-activated cell sorting
(FACS), Western blotting, reverse-transcription-PCR analy-
sis, etc. Antibodies selective for DHFR are commercially
available (for example, from Abcam, Santa Cruz Biotech-
nologies, Sigma, etc.).

Any suitable biological sample from the patient can be
used, including but not limited to whole blood, erythrocytes,
reticulocytes, leukocytes, peripheral mononuclear cells,
CD4+ cells, CD8+ cells, monocytes, neutrophils, and plate-
lets. In a preferred embodiment, the biological sample com-
prises erythrocytes, leukocytes, and/or peripheral mono-
nuclear cells. In one preferred embodiment,

As used herein, “initiation of treatment” means the first
administration of MTX therapy in patient who had not been
receiving MTX therapy (ex: MTX-naive patient; patient who
received MTX therapy in the past, but had not been taking
MTX prior to reintroduction of therapy). As used herein,
“modification of treatment” means any change in the MTX
therapy, including but not limited to (a) an increase in MTX
dosage; (b) a decrease in MTX dosage; and (c) a change in
route of MTX administration (ex: switch from oral to
parenteral administration; switch from parenteral to oral
administration).

In one preferred embodiment, the determining comprises
determining a post-treatment amount of DHFR in the biologi-
cal sample from the patient after initiation of MTX treatment
in the patient. In another preferred embodiment, the deter-
mining comprises determining a post-treatment amount of
DHER in the biological sample from the patient after modi-
fication of MTX treatment in the patient.

The methods comprise comparing the amount of DHFR to
a patient pre-treatment or pre-modification DHFR standard to
determine a level of DHFR induction. As used herein, “pre-
treatment or pre-modification DHFR standard” means abase-
line sample from the patient, where the sample is obtained
either prior to initiation of MTX therapy, or prior to a change
in MTX therapy (ie: prior to increasing dosage, decreasing
dosage, changing route of administration, etc.). The “pre-
treatment” and “post-treatment” DHFR levels are compared
to determine a level of MTX-mediate DHFR induction in the
patient. The level of DHR induction can be determined at any
suitable time point after initiation or modification of MTX
therapy. In one preferred embodiment, the level of DHFR
induction is determined between about 6 days and about 3
months after initiation or modification of MTX therapy. In
further preferred embodiments, the DHFR induction is deter-
mined between about 6 days and about 2 months; between
about 6 days and about 1 month; between about 6 days and
about 20 days; between about 6 days and about 15 days;
between about 6 days and about 10 days; or between about 6
days and about 8 days after initiation or modification of MTX
therapy. In another preferred embodiment, the biological
sample comprises erythrocytes and the DHFR induction is
determined between about 1 month and about 2 months after
initiation or modification of MTX therapy. In a further pre-
ferred embodiment, the biological sample comprises leuko-
cytes, and the level of DHFR induction is determined between
about 6 days and about 8 days after initiation or modification
of MTX therapy.
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In a preferred embodiment that can be combined with any
embodiment herein, the patient is administered a single MTX
dose prior to determining the post-treatment or post-modifi-
cation amount of DHFR in the biological sample. In a pre-
ferred embodiment, this embodiment is combined with the
embodiment wherein the biological sample comprises leuko-
cytes, and the level of DHFR induction is determined between
about 6 days and about 8 days after initiation or modification
of MTX therapy. In another preferred embodiment, this
embodiment is combined with the embodiment wherein the
biological sample comprises erythrocytes and the DHFR
induction is determined between about 1 month and about 2
months after initiation or modification of MTX therapy.

In another embodiment that can be combined with any of
the embodiments herein, the methods of this aspect of the
invention further comprise comparing the level of DHFR
induction to control, and assessing efficacy of the MTX dos-
ing regimen in the patient based on the comparison of the
level of DHFR induction to control. In this embodiment, the
level of induction in the patient is compared to any suitable
external control (ie: a control not directly obtained from the
patient being treated) to provide the assessment of MTX
efficacy. The control may be any suitable control, including
but not limited to previously determined reference standards
based on populations of DHFR induction levels in patients
receiving MTX therapy.

As used herein, “assessing efficacy of the MTX dosing
regimen in the patient” based on the level of DHFR induction,
or on the comparison of the DHFR induction level to control,
can include any suitable assessment, including an assessing
MTX treatment efficacy in the patient, determining an appro-
priate MTX dosing regimen in the patient, assessing a risk of
toxicity to MTX therapy in the patient, assessing a propensity
for the patient to retain/rapidly excrete MTX, and assessing
patient compliance with a prescribed MTX dosing regimen.
In one preferred embodiment, the levels of DHFR induction
are determined to assess the efficacy of a prescribed MTX
dosing regimen in the patient. The fold induction in DHFR or
the absolute level DHFR changes from baseline after a single
dose MTX not only indicate whether MTX has been retained
in intracellularly, but also indicate quantitatively the extend of
the bioactivation of the drug. Thus DHFR levels in the meth-
ods ofthe invention serve as a marker of MTX early exposure
at a time where MTXPGs are usually not detected in circula-
tion.

Each of these embodiments described above for determin-
ing the level of DHFR induction permit assessment of a
prescribed MTX dosing regimen in the patient at a very early
stage in treatment, thus permitting rapid identification of
issues that should be considered by an attending physician in
determining an appropriate MTX dosing regimen in the
patient. For example, in one preferred embodiment, a level of
DHEFR induction less than about 2-fold in the patient (ie: 2
fold increase in DHFR levels in the biological sample after
MTX therapy initiation or modification) indicates that the
MTX dosage administered to the patient is inadequate to
result in a desired clinical outcome. Individuals presenting
with low DHFR levels indicate low polyglutamation and
retention of MTX. These patients may be underdosed and
require intervention consisting of a switch from oral to
parenteral MTX or an increase in MTX dose. Thus, in one
embodiment, a level of DHR induction below 2 fold would
indicate a need to increase MTX dosage administered to the
patient. Thus, in various embodiments, a DHFR induction
level of below 2-fold, 1.9-fold, 1.8-fold, 1.7-fold, 1.6-fold,
1.5-fold, 1.4-fold, 1.3-fold, 1.2-fold, 1.1-fold, 1.0-fold, 0.9-
fold, 0.8-fold, 0.7-fold, 0.6-fold, 0.5-fold, 0.4-fold, 0.3-fold,
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0.2-fold, or 0.1-fold would indicate a need to increase MTX
dosage administered to the patient, such as indicating that a
patient being treated with oral MTX should be switched to
parenteral MTX administration. In another embodiment, a
level of DHFR induction of at least about 10 fold in a patient
being treated with MTX would indicate a likelihood of tox-
icity in the patient, thus indicating that a lower MTX dosage
should be considered or a switch to a therapeutic. Thus, in
various embodiments, a DHFR induction level of at least
10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold, 16-fold,
17-fold, 18-fold, 19-fold, 20-fold, 21-fold, 22-fold, 23-fold,
24-fold, 25-fold, or greater indicate a likelihood of toxicity in
the patient, thus indicating that a lower MTX dosage should
be considered or a switch to a therapeutic.

In another embodiment, a level of DHFR induction com-
pared to control in the lower 107 percentile of induction
(preferably the lower 9%, 8% 7% 6% 5% 4% 374 gnd o 15
percentile of induction) indicates that the patient is a rapid
excretor of MTX, since low DHFR induction indicates low
systemic MTX exposure (and thus lower efficacy). Approxi-
mately 5-10% of individuals do not metabolize MTX effec-
tively, with virtually the totality of the drug excreted
unchanged in the urine within the first few hours following the
once weekly administration of the drug. Such patients will
show a low level of DHFR induction, and thus this embodi-
ment can be used, for example, to indicate patients that might
benefit from switching to an alternative drug therapy.

In another embodiment, a level of DHFR induction com-
pared to control in the upper 10” percentile of induction
(preferably the upper 9%, 8%, 7%, 6%, 5% 4™ 374 274 or 1
percentile of induction) indicates that the risk of MTX toxic-
ity is increased in the patient. This method can also use to
monitor compliance with a prescribed MTX treatment regi-
men, as the return of DHFR levels to predose levels indicate
the absence of MTX in cells, and thus non-compliance with
the prescribed treatment regimen.

In a second aspect, the present invention provides methods
for assessing efficacy of a anti-folate dosing regimen in a
patient, comprising

(a) determining an intracellular amount of

(1) S5-methyltetrahydrofolate (SCH3THF) polyglutamates

(PGs); and

(i1) non-methylated folate PGs

in a biological sample from the patient before or after
initiation of anti-folate treatment or modification of anti-
folate treatment in the patient; and

(b) assessing efficacy of the anti-folate dosing regimen in
the patient based on the amount of SCH3THF PGs and/or the
amount of non-methylated folate PGs.

Any suitable anti-folate may be used in the methods of the
invention, including but not limited to methotrexate (MTX),
trimethoprim, pyrimethamine, pemetrexed, aminopterin,
raltitrexed, and CH1054. In a preferred embodiment, the anti-
folate is methotrexate (MTX). It will be understood that,
while further embodiments focus on methotrexate as the anti-
folate, that any other anti-folate may be substituted for meth-
otrexate in discussions of these embodiments, unless the con-
text clearly dictates otherwise.

All terms used in the first aspect of the invention carry the
same meaning in this second aspect, such as definitions and
embodiments of patients, MTX dosing regimens and routes
of administration, biological samples, “before or after initia-
tion of MTX treatment or modification of MTX treatment in
the patient,” etc. Thus, for example, the patient may be one
suffering from an inflammatory disease, cancer, or an autoim-
mune disorder (including but not limited to
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rheumatoid arthritis, Crohn’s disease, ulcerative colitis, and
systemic lupus erythematosus). Similarly, any suitable bio-
logical sample can be used, including whole blood, erythro-
cytes, reticulocytes, leukocytes, peripheral mononuclear
cells, CD4+ cells, CD8+ cells, monocytes, neutrophils, and
platelets. In a preferred embodiment, the biological sample
comprises whole blood, leukocytes, and/or erythrocytes.

Similarly, all embodiments and combinations of embodi-
ments of terms from the first aspect of the invention can be
used herein.

The present invention provides method for optimizing anti-
folate therapy by measuring unmethylated and methylated
folate polyglutamate concentrations in the biological sample.
The methods of this aspect of the invention provide novel
markers of MTX effects and exposure at early time points, as
early as 6 days after MTX treatment and after administration
of'a single MTX dose. As such, the methods of the invention
are valuable for improving the performances of MTX therapy
monitoring assays in patients suffering from cancer, inflam-
matory disease, and autoimmune disorders. Currently, no
method is available to directly or indirectly quantity MTX-
PGs early in course of MTX therapy (i.e, one week), or after
a single dose of MTX, owing to the low concentrations of
these MTXPGs in targets cells and the inherent sensitivity
challenges associated with their detection. The present inven-
tion addresses these limitations.

As used herein, “intracellular” refers to the fact that PGs
are only found intracellularly. Thus, the methods may involve
biological sample lysis/extract preparation, while still mea-
suring “intracellular” PG levels.

The level of folate PGs can be determined at any suitable
time point after initiation or modification of MTX therapy. In
one preferred embodiment, the level of folate PGs is deter-
mined between about 6 days and about 3 months after initia-
tion or modification of MTX therapy. In further preferred
embodiments, the level of folate PGs is determined between
about 6 days and about 2 months; between about 6 days and
about 1 month; between about 6 days and about 20 days;
between about 6 days and about 15 days; between about 6
days and about 10 days; or between about 6 days and about 8
days after initiation or modification of MTX therapy. In
another preferred embodiment, the biological sample com-
prises erythrocytes or whole blood and the level of folate PGs
is determined between about 1 month and about 2 months
after initiation or modification of MTX therapy. In a further
preferred embodiment, the biological sample comprises leu-
kocytes, and the level of folate PGs is determined between
about 6 days and about 8 days after initiation or modification
of MTX therapy.

In one preferred embodiment, determining the intracellular
amount of SCH3THF PGs and non-methylated folate PGs is
carried out after initiation of MTX treatment in the patient. In
another preferred embodiment, determining the intracellular
amount of SCH3THF PGs and non-methylated folate PGs is
carried out after modification of MTX treatment in the
patient.

In one embodiment, the non-methylated PGs are selected
from the group consisting of tetrahydrofolate (THF) PGs;
dihydrofolate polyglutamates, 5 methylenetetrahydrofolate
(5MeTHF) PGs; 5,10  methylenetetrahydrofolate
(5,10CH2THF) PGs; and 10-formyltetrahydrofolate
(10CHOTHF) PGs. As will be understood by those of skill in
the art, the specific non-methylated PGs measured will be a
function of the cell sample used; the methods comprise deter-
mining the total amount of intracellular, non-methylated PGs
in the biological sample. In a preferred embodiment, the
non-methylated PGs are 5,10 methylenetetrahydrofolate
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(5,10CH2THF), PGs, 10-formyltetrahydrofolate
(10CHOTHF) PGs, and dihydrofolate polyglutamates. In this
and other embodiments, it is preferred that the biological
sample is whole blood, where the all cells in the whole blood
sample are lysed and the PGs are converted to MGs by the
gamma-glutamyl hydrolase in plasma.

In one embodiment, the methods comprise directly mea-
suring the SCH3THF PGs and the non-methylated folate PGs
using standard techniques, such as those disclosed in, for
example, Bagley et al. Clin. Chem 46(3):404-411 (2000).
Determining the intracellular amount of SCH3THF PGs and
non-methylated folate PGs may be done by techniques
including, but not limited to, reverse phase high performance
liquid chromatography combined with tandem mass spectro-
metric detection (LC MS/MS), a microbiological assay, a
dipstick assay, and liquid chromatography coupled with fluo-
rometric detection.

In a preferred embodiment, the biological sample is treated
to convert intracellular folate PGs in the biological sample to
monoglutamates (MGs) prior to the determining in step (a).
Any suitable technique for converting intracellular folate
PGS to MGs can be used, such as those disclosed in, for
example, Pfeiffer Clin Chem 50(2):423-432, 2004. In a fur-
ther preferred embodiment,
the treating comprises

(a) converting intracellular folate PGs to MGs by use of
plasma conjugase; and

(b) deproteinizing the MGs by acid treatment.

Exemplary conditions for converting folate PGs to MGs
can be found, for example, in Pfeiffer Clin Chem 50(2):423-
432,2004. Exemplary conditions for deproteinizing MGs can
be found, for example, in US 20100159493 (teaching depro-
teinization of MTX MGs), incorporated herein by reference
in its entirety.

In one non-limiting embodiment, the biological sample
comprises erythrocytes and folate PGs are converted to MGs
by adding plasma containing a reducing agent in an acid pH
(for example, ascorbic acid or perchloric acid) and then per-
forming the deproteinization.

In a preferred embodiment, the treating comprises conver-
sion of 5,10CH2THF and 10CHOTHF to 5,10methenyltet-
rahydrofolate (5,10CH=THF), to simplify the resulting
analysis. In this embodiment, it is further preferred that deter-
mining the intracellular amount of the non-methylated folate
PGs comprises separation and detection of 5,10CH=THF and
10CHOTHEF, using any suitable technique, such as those dis-
cussed above (ie, reverse phase high performance liquid chro-
matography combined with tandem mass spectrometric
detection (LC MS/MS), a microbiological assay, a dipstick
assay, and liquid chromatography coupled with fluorometric
detection).

As used herein, “assessing efficacy of the MTX dosing
regimen in the patient” based on the amount of SCH3THF
PGs and non-methylated folate PGs, can include any suitable
assessment, including an assessing MTX treatment efficacy
in the patient, determining an appropriate MTX dosing regi-
men in the patient, assessing a risk of toxicity to MTX therapy
in the patient, assessing a propensity for the patient to retain/
rapidly excrete MTX, and assessing patient compliance with
a prescribed MTX dosing regimen. In one preferred embodi-
ment, an intracellular SCH3THF PG level outside a range of
between about 100 nmol/l. and about 400 nmol/L. (more
preferably between about 125 nmol/L. and about 350 nmol/L,,
and even more preferably between about 150 nmol/l. and
about 300 nmol/L) indicates that the MTX dosage should be
adjusted, preferably increased to decrease methylated folates,
but with the increase minimized to limit the increase in the
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non-methylated folate PGS that decrease MTX efficacy. In
another preferred embodiment, an intracellular non-methy-
lated folate PG level above about 50 nmol/L. (preferably
above about 75 nmol/L, 100 nmol/L, 125 nmol/L or 150
nmol/L) indicates that the MTX dosage should be decreased.
In a still further embodiment, an intracellular non-methylated
folate PG percentage of total folate PG above 40% indicates
a need to decrease MTX dosage in the patient.

In one preferred embodiment, an intracellular SCH3THF
PG level below about 50 nmol/L. (preferably below about 45
nmol/L, about 40 nmol/L, about 35 nmol/L, about 30 nmol/L,
or about 25 nmol/L) indicates a likelihood of toxicity in the
patient, and thus indicates a need to decrease the MTX dosage
and/or switching to another therapeutic.

In a third aspect, the present invention provides non-tran-
sitory computer readable storage media, for automatically
carrying out the methods of the invention, or certain steps
thereof (ex: determining, comparing, and/or assessing steps),
on a detection device, such as those disclosed herein (ex:
reverse phase high performance liquid chromatography com-
bined with tandem mass spectrometric device (LC MS/MS),
amicrobiological assay, a device for carrying out liquid chro-
matography coupled with fluorometric detection, an ELISA
device, a mass spectrometry device, etc.). As used herein the
term “computer readable medium” includes magnetic disks,
optical disks, organic memory, and any other volatile (e.g.,
Random Access Memory (“RAM”)) or non-volatile (e.g.,
Read-Only Memory (“ROM”)) mass storage system readable
by the CPU. The computer readable medium includes coop-
erating or interconnected computer readable medium, which
exist exclusively on the processing system or be distributed
among multiple interconnected processing systems that may
be local or remote to the processing system.

EXAMPLE 1

Referring now to the invention in more detail, in FIG. 1
there is shown a non-limiting example of the method where
the propensity for a given patient with autoimmune disease to
appropriately retain MTX is indirectly measured by detecting
DHER levels using standard enzyme immunosorbent assays
(ELISA) or by flow cytometry. In the present method the
detection of MTX and MTXPGs is conducted indirectly by
measuring DHFR levels using standard ELISA and FACS
assays in various cell tissues including but not limited to
whole blood, isolated erythrocytes, isolated reticulocytes,
isolated peripheral mononuclear cells, CD4+ cells, CD8+
cells, monocytes, neutrophils, platelets and other immune
cells. Anticoagulated blood from a patient about to start MTX
is collected and predose DHFR levels are measured using
ELISA or flow cytometry (expressed as Unit or activity per
number of cell or volume of blood). These predose levels are
expected to be very low or undetectable in circulating blood
prior to MTX therapy. Immediately after blood draw the
patient is instructed to take a single dose test of MTX. About
6-8 days after taking MTX a second blood draw is collected
and post dose DHFR levels (apex levels) are determined. The
induction level corresponding to the difference between the
pre- and post-dose DHER level is calculated and compared to
a standard range established in a population of patients
receiving similar MTX dosages for the indicated period (e.g.
6-8 days after starting therapy). Individuals presenting with
low DHER levels indicate low polyglutamation and retention
of MTX. These patients may be underdosed and require inter-
vention consisting of a switch from oral to parenteral MTX or
an increase in MTX dose. Alternatively, DHFR levels within
the 5th percentile indicate that the patient is a likely rapid

10

15

20

25

30

35

40

45

50

55

60

65

12
excretor. The fold induction in DHFR or the absolute level
changes from baseline after one single dose MTX not only
indicate whether MTX has been retained in intracellularly but
also indicate quantitatively the extend of the bioactivation of
the drug. Thus DHFR levels generally serves as a marker of
MTX exposure and more specifically as a marker of early
exposure at atime where MTXPGs are usually not detected in
circulation. Moreover, the pharmacokinetics of MTX and
MTXPG accumulation in erythrocytes and peripheral mono-
nuclear cells will follow a pattern in which DHFR levels will
rise as function of MTX concentrations. This method can also
use to monitor compliance to treatment as the return of DHFR
levels to predose levels indicate the absence of MTX in cells.

EXAMPLE 2

FIGS. 2 and 3 describe the metabolism of folates and
non-limiting examples of the changes in methylated and non-
methylated folate polyglutamate concentrations following
MTX concentrations. Non methylated folate polyglutamate
levels correspond to 5,10 methylenetetrahydrofolate
(5,J0CH2THF) and 10-formyltetrahydrofolate poly-
glutamates (10CHOTHF). Methylated folate polyglutamate
levels correspond to S-methyltetrahydrofolate (SCH3THF).
In this method whole blood is drawn in vacutainers from a
patient about to start MTX or receiving MTX. Alternatively
capillary blood is collected by lancet from the finger on absor-
bent filter paper, allowed to saturate the paper and is air dried
for several hours. Following blood collection, intracellular
folate polyglutamate species are converted to monoglutamate
by plasma conjugase and deproteinized using acid. During
the sample treatment procedure in acidic conditions
5,10CH2THF and 10CHOTHF are converted to 5,10meth-
enyltetrahydrofolate (5,10CH=THF). The analytical separa-
tion and detection of 5,10CH=THF (non methylated folate)
and SCH3THF (methylated folate) is conducted on reverse
phase high performance liquid chromatographic methods
coupled with tandem mass spectrometric detection (LC
MS/MS) (Garratt et al., 2005; Smulders et al., 2007; Fazili et
al., 2008). Dihydrofolate are also detected by LC/MS/MS.

In FIG. 3 some examples of the changes in methylated and
non methlylated folate during the course of MTX therapy are
illustrated. Low dose MTX produces inhibition of MTHFR
which specifically lowers 5-methyltetrahydrofolate concen-
trations to produces anti-inflammatory effects. In the early
phase of treatment this effect is mediated by dihydrofolate
polyglutamates. The decrease in methylated folate concen-
tration is also balanced with a concurrent increase in non
methylated folates that counteract MTX’s effects on AICAR
transformylase. In this method MTX dosing is adjusted to
achieve methylated folate polyglutamate concentration rang-
ing from 150 to 300 nmol/L. (whole blood). Levels above 300
nmol/L are associated with lack of efficacy while levels below
150 nmol/L tend to be associated with increased risk for
idiosyncratic reactions. The progressive increase in non
methylated folate polyglutamate alleviates the inhibitory
effects of MTX on de novo purine biosynthesis, and thus is
antagonistic. More specifically non methylated folate above
150 nmol/L. (whole blood) are associated with decreased
MTX efficacy, and their emergence above that level reveal a
phenotype characterized by resistance upon further dosage
escalation.

While the foregoing written description of the invention
enables one of ordinary skill to make and use what is consid-
ered presently to be the best mode thereof, those of ordinary
skill will understand and appreciate the existence of varia-
tions, combinations, and equivalents of the specific embodi-



US 9,261,509 B2

13

ment, method, and examples herein. The invention should

therefore not be limited by the above described embodiment,

method, and examples, but by all embodiments and methods
within the scope and spirit of the invention.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 1
<210>
<211>
<212>

<213>

SEQ ID NO 1
LENGTH: 187
TYPE: PRT
ORGANISM: Homo sapiens

<400> SEQUENCE: 1
Met Val Gly Ser

1

Ile Val Ala

10

Leu Asn Cys Val Ser Gln

Ile Gly Asn

20

Lys Gly Asp Leu Pro Trp Pro Pro Leu

25

Arg

Phe
35

Gln Thr Thr

40

Thr Val Glu

45

Arg Tyr Arg Met Ser Ser

Asn Leu Val Ile Met Gly Lys Thr Phe Ser Ile

55

Lys Trp

Ile Val

75

Asn Pro Leu

65

Arg Lys Gly Asn Leu Leu Ser

70

Arg

Glu Gln

85

Ala Phe Leu Ser Ser

90

Lys Pro Pro Gly His Arg

Ala Thr Glu Gln Glu

105

Leu Ala

100

Leu Lys Pro Leu Asn Lys

Ile
115

Val Val Glu Ala

125

Trp Gly Gly Ser

120

Ser Tyr Lys

Phe
135

Pro Gly His Leu Val Thr Ile Gln

130

Met
140

Lys Leu Arg

Thr Phe Phe Glu Ile Glu

155

Ser
145

Asp Pro Leu

150

Asp Lys Tyr

Glu Val Val

170

Pro Tyr Pro Gly Leu Ser Gln Glu Glu

165

Asp

Phe
180

Lys Tyr Lys Glu Val Tyr Glu Lys Asn

185

Asp

Asn

Asn

30

Gly

Pro

Arg

Leu

Val

110

Met

Asp

Lys

Lys

Met
15

Gly

Glu Phe

Lys Gln

Glu Lys

Glu Leu

80

Asp
95

Asp
Asp Met
Asn His
Phe Glu

Leu
160

Leu

Gly Ile

175

I claim:

1. A method for assessing efficacy of a methotrexate
(MTX) dosing regimen in a patient, comprising

(a) determining an intracellular amount of

(1)  S-methyltetrahydrofolate  (SCH3THF)
glutamates (PGs); and
(i1) non-methylated folate PGs
in a biological sample from the patient before or after
initiation of MTX treatment or modification of MTX
treatment in the patient; and
(b) assessing efficacy of the MTX dosing regimen in the
patient based on the amount of SCH3THF PGs and the
amount of non-methylated folate PGs.

2. The method of claim 1, wherein assessing the efficacy of
the MTX dosing regimen comprises one or more of (a) assess-
ing MTX treatment efficacy in the patient; (b) determining an
appropriate MTX dosing regimen in the patient; and (c)
assessing a propensity for the patient to retain MTX.

3. The method of claim 1, wherein determining the intra-
cellular amount of SCH3THF PGs and non-methylated folate
PGs is carried out after initiation or after modification of
MTX treatment in the patient.

4. The method of claim 1, wherein the biological sample is
treated to convert intracellular folate PGs in the biological
sample to monoglutamates (MGs) prior to the determining in

step (a).

poly-

45

50

5. The method of claim 4, wherein the treating comprises

(a) converting intracellular folate PGs to MGs by use of

plasma conjugase; and

(b) deproteinizing the MGs by acid treatment.

6. The method of claim 1, wherein the non-methylated PGs
are selected from the group consisting of tetrahydrofolate
(THF) PGs; 5 methylenetetrahydrofolate (SMeTHF) PGs;
5,10 methylenetetrahydrofolate (5,10CH2THF) PGs; dihy-
drofolate polyglutamates, and 10-formyltetrahydrofolate
(I0CHOTHF) PGs.

7. The method of claim 1, wherein the non-methylated PGs
are 5,10 methylenetetrahydrofolate (5,10CH2THF) PGs and
10-formyltetrahydrofolate (10CHOTHF) PGs.

8. The method of claim 7, wherein the biological sample is
treated to convert intracellular folate PGs in the biological
sample to monoglutamates (MGs) prior to the determining in
step (a), and wherein the treating comprises conversion of
5,10CH2THF and 10CHOTHEF to 5,10methenyltetrahydro-
folate (5,10CH=THF).

9. The method of claim 8, wherein the determining the
intracellular amount of the non-methylated folate PGs com-
prises separation and detection of 5,10CH=THF and
10CHOTHF.

10. The method of claim 1, wherein determining the intra-
cellular amount of SCH3THF PGs and non-methylated folate
PGs comprises a method selected from the group consisting
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of reverse phase high performance liquid chromatography
combined with tandem mass spectrometric detection (LC
MS/MS), amicrobiological assay, a dipstick assay, and liquid
chromatography coupled with fluorometric detection.

11. The method of claim 1, wherein an intracellular
SCH3THF PG level outside a range of between about 100
nmol/LL and about 400 nmol/L indicates that the MTX dosage
should be adjusted.

12. The method of claims 1, wherein an intracellular non-
methylated folate PG level above about 50 nmol/L. indicates
that the MTX dosage should be decreased.

13. The method of claim 1, wherein an intracellular non-
methylated folate PG percentage of total folate PG above
40% indicates a need to decrease MTX dosage in the patient.

14. The method of claim 1, wherein an intracellular
5CH3THF PG level below about 50 nmol/L indicates a like-
lihood of toxicity in the patient.

15. The method of claim 1, wherein the patient suffers from
an inflammatory disease or cancer.

16. The method of claim 15, wherein the patient suffers
from an autoimmune disorder.
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17. The method of claim 1, wherein the biological sample
is selected from the group consisting of whole blood, eryth-
rocytes, reticulocytes, leukocytes, peripheral mononuclear
cells, CD4+ cells, CD8+ cells, monocytes, neutrophils, and
platelets.

18. The method of claim 1, wherein assessing the efficacy
of'the MTX dosing regimen comprises determining an appro-
priate MTX dosing regimen in the patient.

19. The method of claim 1, wherein assessing the efficacy
of'the MTX dosing regimen comprises assessing a propensity
for the patient to retain MTX.

20. The method of claim 1, wherein determining the intra-
cellular amount of SCH3THF PGs and non-methylated folate
PGs is carried out after modification of MTX treatment in the
patient.

21. The method of claim 16, wherein the autoimmune
disorder is selected from the group consisting of rheumatoid
arthritis, Crohn’s disease, ulcerative colitis, and systemic
lupus erythematosus.

22. The method of claim 1, wherein the biological sample
comprises whole blood, leukocytes, and/or erythrocytes.
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